Accommodative lags, induced by a target at 33 cm (distance-induced condition) and by a À3.0 D lens (lens-induced condition), and wavefront aberrations were measured in 27 young myopic eyes. The accommodative lags and Strehl ratios derived from the wavefront aberrations in myopes were compared with those from 57 emmetropes. Accommodation was measured using a Canon R-1 autorefractor, while aberrations were measured using a psychophysical ray-tracing technique. In accord with previous results, larger accommodative lags were found for the myopes than the emmetropes in both the lens-induced and distance-induced conditions. The mean Strehl ratio was smaller in the myopes (0.079) than the emmetropes (0.091); this difference approached significance (p = 0.055). In addition, for myopes the accommodative lag was significantly correlated with the Strehl ratio in the lens-induced condition (r = À0.45, p < 0.02) and approached significance in the distance-induced condition (r = À0.35, p = 0.07). No significant correlations were found for emmetropes. Possible reasons to account for these results are discussed.
Introduction
When presented with near targets (e.g., text during reading), or if minus-power lenses are placed in front of the eyes, most individuals do not accommodate fully to bring the target into focus. This under-accommodation, referred to as a lag of accommodation, is quantified by the difference between the dioptric level of the accommodative stimulus and the measured accommodative response. Larger lags of accommodation, in association with near work, have been shown to be a factor in the development and progression of myopia by this laboratory and others. Increased accommodative lags in myopes have been found for higher accommodative demands (Gwiazda, Thorn, Bauer, & Held, 1993; McBrien & Millodot, 1986; Rosenfield & Gilmartin, 1988) , for myopia of more recent onset (Bullimore, Gilmartin, & Royston, 1992; McBrien & Millodot, 1986; Rosenfield & Gilmartin, 1988) and especially for blur-driven accommodation induced by negative lenses (Abbott, Schmid, & Strang, 1998; Drobe & de Saint-Andre, 1995; Goss, 1991; Gwiazda et al., 1993; Gwiazda, Bauer, Thorn, & Held, 1995) . A consequence of reduced accommodation to near targets is that myopes may experience extended periods of retinal defocus, which may lead to increased eye growth, especially vitreous chamber elongation, as has been demonstrated in animal models of myopia (Norton, 1999; Wildsoet, 1997) .
Another source of defocus that may be related to accommodation and myopia development is the optical quality of the eye, measured by wavefront aberrations. Elevated wavefront aberrations have been found in myopic eyes relative to emmetropic eyes in some studies (He et al., 2002; Paquin, Hamam, & Simonet, 2002) (Chen, Bradley, Hong, & Thibos, 2003; Porter, Guirao, Cox, & Williams, 2001) .
Changes in aberrations with accommodation also have been reported. With an objective aberroscope, Atchison and colleagues measured wavefront aberrations for accommodated eyes under 0, 1.5 and 3.0 D accommodative demands (Atchison, Collins, Wildsoet, Christensen, & Waterworth, 1995) . They found a negative change in spherical aberrations with accommodation, but no change in overall wavefront aberrations over this accommodative range. Using a psychophysical ray-tracing technique, He and colleagues found an increase in overall wavefront aberrations for accommodative demands greater than 4.0 D, but no change between the resting level of accommodation and 3.0 D (He, Burns, & Marcos, 2000) .
The purpose of the present investigation was to determine if there is an association between accommodative lags and wavefront aberrations in myopes.
Methods
Both accommodation and aberrations were measured in the same session in 57 emmetropes and 27 myopes. Refractive data for assigning refractive group were obtained by non-cyclopegic distance retinoscopy. Spherical equivalent refractions for the emmetropes, aged from 11 to 27 yrs (mean = 16.5 yrs) ranged from À0.38 to +0.75 D (mean = +0.22 D ± 0.28). Spherical equivalent refractions for the myopes, aged from 11 to 25 yrs (mean = 15.8 yrs) ranged from À0.50 to À6.25 D (mean = À2.39 D ± 1.60). Astigmatism was less than or equal to 1.25 D for all subjects, with mean astigmatism equal to À0.21 D for emmetropes and À0.45 D for myopes. No eye disease was reported for any of the subjects.
The research followed the tenets of the Declaration of Helsinki, and was approved by the New England College of Optometry institutional review board. Informed consent was obtained from the subject or his/her parent after verbal and written explanation of the nature and possible consequences of the study.
Monocular accommodative responses were measured using a Canon R-1 Autorefractor (Canon Europa N.V., Amstelveen, The Netherlands). The experimental procedure has been described in detail previously (Gwiazda et al., 1993) . Two conditions, distance-induced and lens-induced, were used to measure accommodative lags for the right eye while the left eye was occluded. In our experiment, refractive error was first measured with the Canon R-1 while the subject wore the retinoscopically determined spherical equivalent refraction while fixating a row of 20/100 letters at 4.0 m. Trial lenses were then changed, if necessary, in 0.25 D steps to be consistent with the Canon measurement. To establish the Canon R-1 correction, nine measurements were taken, and the mean was used as the baseline measurement for the accommodative lag calculation. In the lens-induced condition, accommodation was measured three times for the 4.0 m target with an additional À3.0 D placed over the subjectÕs right eye. This condition was equivalent to a 3.25 D accommodative demand. In the distance-induced condition, accommodation was then measured nine times for a near target consisting of a line of 20/100 letters at 33 cm, which represents a À3.0 D accommodative demand. The letter size at 33 cm was changed to keep the visual angle the same as the target at 4.0 m. The luminance was 10 cd/m 2 for the 4.0 m target and slightly less for the near target. This luminance level was bright enough for the subject to have good acuity but dim enough for pupil dilation.
To analyze the accommodation data, the spherical equivalent was calculated for each measurement, and then the mean spherical equivalent for the set of measurements was calculated. Both accommodative response and accommodative stimulus values were corrected for lens effectivity using the formulas described in our previous study (Gwiazda et al., 1993 ; also see Appendix A). Lags were calculated by subtracting the mean measured accommodative response from the accommodative stimulus.
Wave-front aberrations in the whole eye were measured using a psychophysical ray-tracing technique described previously in detail (He, Marcos, Webb, & Burns, 1998; He et al., 2002) . Briefly, the apparatus was a three channel optical system that included a testing, a recording, and a pupil-monitoring channel. The testing channel provided a green cross target (filtered with Kodak Wratten Gelatin Filter No. 55) on the retina via an aperture of 1 mm diameter, which was movable among 37 locations within the natural pupil. The 37 pupil locations within a 7 · 7 matrix were randomly sampled in 1.0 mm steps (except for the 12 points in the four corners). The effective testing pupil size was 6.3 mm in diameter, meaning that all subjects had pupils greater than or equal to this value. As the aperture was moved from trial to trial, the cross shifted its retinal location as a function of the wavefront slope of the eye. The cross shifts were tracked by a cursor on the screen of a computer monitor in the recording channel and registered into the computer by clicking a mouse. During the experiment, position of the subjectÕs pupil was monitored in the pupil-monitoring channel. Any eye displacement was compensated with a 3D translator on which the subjectÕs head rested. A Badal system was used to compensate for refractive errors. Wavefront aberrations were measured under the resting state of accommodation.
A least squares procedure was used to fit the measurements to derive coefficients of the first 35 terms of Zernike polynomial functions (Z1-Z35). With the Zernike coefficients, wavefront aberration of the eye was reconstructed and used to estimate the image qual-ity in the eye. Both RMS (root-mean-square) of the wavefront errors and the optimized Strehl ratio were calculated with the tilts and defocus terms excluded (Z1, Z2 and Z4). In order to derive the optimized Strehl ratio, we calculated the MTF volumes from the wavefront aberration function using a MatLab program. The Strehl ratio was derived by calculating a ratio between the MTF volumes of the real eye and a theoretical diffraction-limited eye. A series of Strehl ratios at different image planes were then calculated by varying defocus values from À5.0 lm to 5.0 lm (in steps of 0.2 lm).
The maximum value of the Strehl ratios was taken as the optimized Strehl ratio. The Strehl ratio is for monochromatic light only since the aberrations we have measured were monochromatic wavefront aberrations. Neither chromatic aberrations nor the Stiles-Crawford effect were taken into account.
Measurements of both accommodative lags and wavefront aberrations were performed with natural pupils and room lights turned off. The mean pupil diameters were 7.01 mm for myopes and 6.86 mm for emmetropes during the aberration measurements. For this group of subjects pupil sizes were not recorded during accommodation measurements. However, mean pupil sizes recorded in our laboratory for similar aged subjects for measurements of accommodation at 33 cm with the Canon R-1 autorefractor were 7.07 mm for myopes and 7.48 mm for emmetropes (Kim, Grice, & Gwiazda, 1999) .
Results

Mean accommodative lags for myopic and emmetropic groups
Mean accommodative lags for myopes and emmetropes tested in the lens-induced condition are shown in Fig. 1(a) , where the accommodative lag is plotted by refractive group. The mean accommodative lag of 1.03 D for the emmetropic group was significantly smaller than the mean lag of 1.56 D for the myopic group (t = 2.5, p < 0.01). Similarly, for the distance-induced condition shown in Fig. 1(b) , the emmetropic group had a reduced accommodative lag (0.31 D) compared to the myopic group (0.57 D). This difference was statistically significant (t = 1.81, p < 0.05). It can be seen that the lens-induced accommodative lags are larger than the distance-induced lags.
The mean optimized Strehl ratio for the two refractive groups is shown in Fig. 1(c) . The Strehl ratio for the emmetropic group (0.091) was greater than that of the myopic group (0.079), and the difference approached significance (t = 1.64, p = 0.055). Higher Strehl ratios indicate better image quality in the emmetropes compared to the myopes. Mean RMS values for the emmetropes and the myopes were 1.05 and 1.27 micron, respectively. The difference of 0.22 micron approached significance (t = 1.49, p = 0.07). Fig. 2 shows a scatter plot that relates individual optimized Strehl ratios to the lens-induced accommodative lags for the 57 emmetropic ( Fig. 2(a) ) and the 27 myopic eyes (Fig. 2(b) ). In this condition only two of the emmetropes (3%) showed accommodative lags larger than 2.00 D, while more myopes, 9 out of 27 (33%), had accommodative lags of this magnitude. The correlation between the accommodative lags and the Strehl ratios for emmetropes was almost zero, while a significant correlation (r = À0.45) was found in the myopes (F = 6.4, p < 0.02). A significant correlation also was found between accommodative lags and the RMS of wavefront aberrations for the myopic group (r = À0.41, F = 5.0, p < 0.05), but not for the emmetropic group (r = 0.05).
Accommodative lags for the lens-induced condition
Spherical aberration might affect estimates of accommodative lags when measured with the Canon R-1 (Collins, 2001 ). In order to examine the effect of spherical aberrations on accommodative lags for our subjects, the correlation between accommodative lags and spherical aberration (Zernike aberration Z 12) was calculated, and found to not be significant for either the emmetropic (r = 0.15) or the myopic group (r = 0.13). Fig. 3 shows a scatter plot that relates individual optimized Strehl ratios to the distance-induced accommodative lags for the 57 emmetropic ( Fig. 3(a) ) and the 27 myopic ( Fig. 3(b) ) eyes. Only three of the 57 emmetropes (5%) had accommodative lags larger than 1.00 D, which indicates high accommodative accuracy. More myopes, seven out of the 27 eyes (26%), had accommodative lags larger than 1.00 D. A positive correlation between the accommodative lags and Strehl ratios was found for the emmetropic group (r = 0.16), while a negative correlation was found for the myopic group (r = À0.35). Neither correlation was significant, although the correlation for the myopic group approached significance (p = 0.07). The correlation between accommodative lags and the RMS of wavefront aberrations was not significant for either the emmetropes or the myopes in the distance-induced condition.
Accommodative lags for the distance-induced condition
Discussion
We have found that myopes show greater accommodative lags compared to emmetropes, in agreement with previous studies (Bullimore et al., 1992; Gwiazda et al., 1993; McBrien & Millodot, 1986; Rosenfield & Gilmartin, 1988) . The accommodation responses in myopes were less accurate than those of emmetropes especially when measured with negative lenses, as reported previously (Abbott et al., 1998; Drobe & de Saint-Andre, 1995; Goss, 1991; Gwiazda et al., 1993; Gwiazda et al., 1995) .
In agreement with previous results, accommodative lags were larger for lens-induced accommodation than for distance-induced, as shown in Fig. 1 (Gwiazda et al., 1993; Gwiazda et al., 1995) . We have suggested previously that this difference may reflect the inability of myopic eyes to use blur cues for accommodation, while the proximity cues available only in the distanceinduced condition may be equally effective in stimulating accommodation in both myopes and emmetropes (Gwiazda et al., 1993) . Therefore, the accommodative problem of the developing myope may involve an inability to process the accommodative signal rather than a problem in the accommodative response system. This unresponsiveness to the accommodative defocus signal may be due to optical or neural deficiencies.
One explanation that has been proposed to account for the large accommodative lags is that myopic eyes have more aberrations (Thorn, He, Thorn, Held, & Gwiazda, 2000) . More aberrations would be expected to produce an increased depth of focus which would in turn decrease sensitivity to defocus, thereby reducing accommodation (Charman, 1999) . However, unlike in our previous report (He et al., 2002) , myopic eyes in the present study did not have significantly more aberrations than emmetropes, although the difference approached significance (p = 0.055).
The main new finding of the present study is the significant correlation between the Strehl ratios and the lens-induced accommodative lags in the myopic group. The myopes with greater lags of accommodation also have smaller Strehl ratios, indicating reduced image quality. The correlation, however, does not exist in the emmetropic group. Emmetropes with small Strehl ratios appear to be capable of accurate accommodative responses, while myopes with similar amounts of aberrations cannot accommodate accurately. Pupil size has to be taken into account when discussing these results, but differences in pupil size are an unlikely explanation for the current findings. As previously reported, overall wavefront aberrations change very little over the range of accommodative demands used in our study (Atchison et al., 1995; He et al., 2000) , and children show limited pupillary constriction with accommodation (Kim et al., 1999; Schaeffel, Wilhelm, & Zrenner, 1993) .
The reason for the differences in accommodative lag between emmetropes and myopes for eyes with higher levels of wavefront aberrations is not clear. The effect of spherical aberrations on measurements from the Canon R-1 could not be the factor since the correlation of accommodative lags and spherical aberrations for myopes was low and not significant. One possibility is that the structure of wavefront aberrations in emmetropes differs from that in myopes, and this produces different retinal image quality than suggested by either the wavefront RMS or Strehl ratio alone. More accommodative cues may be available from the retinal image in the emmetropic eye and thus lead to more accurate accommodation. Chromatic aberration (Kruger, Mathews, Aggarwala, Yager, & Kruger, 1995; Lee, Stark, Cohen, & Kruger, 1999 ) and the Stiles-Crawford effect (Choi, Garner, & Enoch, 2003) may also play a role.
An alternate explanation lies beyond the optics of the eye. The aberration structures in emmetropes and myopes may be too similar to differentially affect accommodation. However, the sensory system in myopes may be less sensitive to the accommodative cues, thereby producing larger accommodative lags. For example, Jiang (1997) has incorporated an increased threshold for the detection of defocus for myopes into his servosystem model of accommodation. Adult myopes have been shown to have reduced sensitivity to defocus compared to emmetropes (Rosenfield, 1999) and a reduced effect of defocus on several visual performance tasks (Thorn, Arnel, Cameron, & Thorn, 1998) . Whatever the explanation, it is unlikely to be the same for all myopic eyes.
The simplest explanation at present is that almost all emmetropes are very sensitive to defocus. Thus, they can accurately control accommodation whether they have large or small amounts of aberration. Myopes, as a group, are less sensitive to defocus. Thus, they are unable to control accommodation unless they have relatively small amounts of aberration. The present data suggest that this explanation is correct. However, the exact nature of the insensitivity found in myopes will be decided by further experimentation.
